Introduction
Berberine (BBR), an isoquinoline alkaloid, is the major pharmacological component of the Chinese herb Coptis chinensis ( Figure 1 ). BBR or BBR containing herbs have been used to treat intestinal infections, particularly bacterial diarrhea, for thousands of years in the People's Republic of China. 1 Recently, a wealth of data has described the therapeutic effects of BBR on other diseases, such as congestive heart failure, cardiac arrhythmia, hypertension, hyperlipidemia, and cancer. 2 In 1999, Lee and Yuan reported the beneficial effects of BBR in treating diabetes. 3, 4 The proposed mechanisms of BBR's action include upregulation of the gene expression of hepatic low-density lipoprotein receptor, 5 activation of adenosine monophosphate-activated protein kinase in adipose and muscle tissues, 6 stimulation of glycolysis in peripheral tissues, 7 promotion of insulin secretion, 8 inhibition of liver gluconeogenesis, 9 and promotion of intestinal glucagon-like protein-1 secretion. 10 It was reported that the maximum concentration (C max ) of BBR in plasma was 4 ng/mL after an oral administration of BBR at a dose of 100 mg/kg in rats, 11 and only 0.4 ng/mL after a
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Xue et al single oral dose of 400 mg BBR administration in humans, 12 indicating a limited gastrointestinal BBR absorption. In addition, the bioavailability of BBR is poor (,5%) 13 and high dose (0.9-1.5 g/day in the clinic) administration causes gastrointestinal side effects, which greatly limit BBR's clinical applications.
14 Therefore, it is extremely important to develop novel dosage forms of BBR to enhance its absorption and bioavailability, and thus facilitate its clinical applications.
Solid lipid nanoparticles (SLNs) have received great attention in recent years because of their various applications, including formulations for oral drug delivery. 15 When compared to conventional formulations of bioactive compounds and plant extracts, SLN systems are reported to have more remarkable advantages, such as enhancing solubility and bioavailability, providing protection from toxicity, promoting pharmacological activity and stability, improving macrophage tissue distribution, maintaining sustained delivery, and protecting the drugs from physical and chemical degradation. 15 Presently, the application of SLNs as carriers in facilitating the absorption of the active ingredient in traditional Chinese medicine, such as silymarin, triptolide, and paclitaxel, has been actively studied. 16 We postulated that BBR loaded SLNs (BBR-SLNs) with an absorption enhancer may increase the absorption and bioavailability of BBR and attenuate its adverse effects. Therefore, the aim of the present study was to investigate the pharmacokinetic characteristics and the antidiabetic actions of BBR-SLNs, and thus provide new strategies in facilitating BBR's clinical applications.
Materials and methods chemicals
Reference grade BBR (purity quotient .99.8%), pluronic F-68, and mannitol were purchased from Sigma Chemical Co (St Louis, MO, USA). Soybean phospholipid and glycerol tripalmitate (purity quotient .98%) were obtained from Aladdin Industrial Corporation (Shanghai, People's Republic of China). Labrasol was supplied by Gattefosse (Nanterre Cedex, France). All other reagents were of high performance liquid chromatography (HPLC) grade or were of the highest purity commercially available.
animals
All animal experiments were carried out in compliance with the standard ethical guidelines and were approved by Xiamen University Animal Care and Use Committee. Sixteen male Sprague Dawley (SD) rats, weighing 180-200 g, were purchased from Shanghai Experimental Animal Center, Chinese Academy of Sciences (Shanghai, People's Republic of China). Forty male db/db mice, weighing 30-40 g, were purchased from Experimental Animal Center of PLA Military Academy of Medical Sciences (Beijing, People's Republic of China). Animals were housed in an air conditioned room with a 12 hour/12 hour light/dark cycle and allowed to acclimate to the new environment for 1 week before the experiments.
Preparations and characterization of BBr-slNs
Preparations of BBr-slNs BBR-SLNs were prepared using our patented method (No 201210495674.4, People's Republic of China patent). In brief, a mixture of lipid materials:glycerol tripalmitate:soybean phospholipid (1:6:6) was dissolved in ten volumes of mixed solution containing 5% labrasol to form an organic phase. The mixed solution was composed of acetone and ethanol in equal proportions maintained at 80°C, and was mixed until the dispersion appeared optically clear. The organic phase was injected slowly into an aqueous phase at the same temperature containing 1% pluronic F-68 in double distilled water. A semitransparent pre-emulsion, appearing as a yellow transparent liquid, was obtained under constant magnetic agitation. After cooling to room temperature, the BBR-SLN suspensions were filtered through 0.45 µm filters. Mannitol was added as a preservative agent, and the suspensions were then freeze dried.
Particle size, zeta potential, and morphology
The SLN formulation was characterized for particle size and zeta potential using dynamic light scattering with a Zetasizer 3000 HAS (Malvern Instruments Ltd., Malvern, UK). The microstructures of BBR-SLNs were examined by transmission electron microscopy ([TEM] H-7000, Hitachi, Tokyo, Japan) with a negative stain method. A drop of sample was applied to a copper grid coated with carbon film and air dried; 2% (w/v) phosphotungstic acid solution was then dropped onto the grids for negative staining. After being air dried at room temperature, the samples were ready for TEM investigation.
Drug loading (Dl) and entrapment efficiency (EE)
BBR-SLNs of the total drug content were determined by methanol emulsion breaking. The amount of drug that was not incorporated into the SLN was obtained by high speed centrifugation under low temperature (30,000 rpm, 4°C, 1 hour). The amount of BBR was determined by HPLC. Each experiment was performed in triplicate. EE and DL were calculated with the following formulae:
where C is the amount of drug encapsulated, C0 is the total amount of drug in the nanoparticle suspensions, V is final volume, and M is prescription in the amount of lipid.
Powder X-ray diffraction (XrD) and nuclear magnetic resonance (NMr) measurements A combination of two spectroscopic methods was used to study the microstructure of BBR-SLNs. The BBR-SLNs lyophilized powder was uniformly spread on a glass substrate, and placed in a X-ray diffractometer for the diffraction experiments (Rigaku Corporation, Akishima, Tokyo, Japan). 1 H NMR spectra were recorded on a Varian NMR Spectrometer (500 MHz for 1H, Varian Medical Systems Inc, Palo Alto, CA, USA). A standard one dimensional pulse sequence PRESAT (presaturation) was used to obtain profiles of BBR with a 90 pulse length of about 10 µs and spectra width of 20 ppm. A similarly processed blank SLN and free BBR sample were used as controls. Free BBR and blank lipid carrier were used as parallel controls.
Pharmacokinetic studies study design
Sixteen SD rats were randomly divided into two groups: BBR and BBR-SLNs (8 per group). The rats were fasted for 12 hours before the experiment and had free access to water. BBR (50 mg/kg) or BBR-SLNs (50 mg/kg) was administered via intragastric gavage. Blood samples were obtained before and 0.083, 0.17, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 10, and 12 hours after drug administration. The blood samples were centrifuged at 3,000 rpm for 10 minutes at 4°C. The plasma was collected and stored at -20°C.
sample preparation
Forty microliters of tetrahydropalmatine (1 µg/mL) was added as internal standard (IS) to 0.2 mL of plasma. The samples were mixed, extracted with 10 mL acetonitrile by vortexing for 3 minutes, centrifuged at 3,500 rpm for 10 minutes, and 9 mL of the upper organic phase was carefully transferred to a 10 mL tube and evaporated with nitrogen. After drying, the residue was reconstituted in 200 µL of 0.1% formic acid:acetonitrile (50:50, v/v), vortexed for 3 minutes and centrifuged at 15,000 rpm for 10 minutes at 4°C. The supernatant (50 µL) was collected and injected into the liquid chromatography-mass spectrometry-mass spectrometry (LC-MS-MS) system (Agilent 1260-6410, Agilent Technologies, Santa Clara, CA, USA).
chromatographic system and instrumentation for detection of the plasma concentration of BBr 
Data analysis
Pharmacokinetic parameters, including the area under the plasma concentration versus time curve (AUC), volume of distribution, clearance, variance of mean residence time (VRT), and terminal elimination half-life (t ½ ), were calculated by noncompartmental methods using DAS Software 2.0 (Chinese Pharmacological Society, Beijing, People's Republic of China).
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After one week of acclimatization, 40 male db/db mice (9 weeks old) were randomly divided into four groups (10 per group): control group, BBR group (100 mg/kg), high dose BBR-SLNs (100 mg/kg), and low dose BBR-SLNs (50 mg/kg). Animals in the control group were treated with vehicle (saline) and the other groups were treated with respective drugs for 4 weeks via intragastric gavage. Body weight was monitored during the entire experiment, and food intake was measured after each mice was single caged for 3 days at the end of the experiment.
Intraperitoneal glucose tolerance test (IPgTT), insulin tolerance test (IPITT), and serum insulin levels
After overnight fasting, IPGTT was performed. Glucose (1 g/ kg body weight) was intraperitoneally injected and blood glucose was measured at time points of 0, 15, 30, 60, 90, and 120 minutes using a blood glucose meter (LifeScan Inc, Milpitas, CA USA). The IPITT was conducted after 6 hours of food deprivation, followed by intraperitoneal injection of insulin (0.75 IU/kg body weight, Novo Nordisk, Denmark). Blood glucose was measured before and at 15, 30, 60, 90, and 120 minutes after insulin injection. The trapezoidal rule was used to calculate AUC (area under concentration-time curve) values for glucose.
At end of the experiment, after 12 hours of food deprivation, animals were anesthetized and sacrificed for tissue collection. Blood was collected from the orbital plexus and centrifuged at 3,000 rpm at 4°C for 15 minutes. Enzymelinked immunosorbent assay kits (Mercodia AB, Uppsala, Sweden) were used to determine serum insulin levels following the manufacturer's instructions. Homeostasis assessment of insulin resistance (HOMA-IR) was calculated according to the formula:
histopathology
The pancreas was harvested, weighed, and fixed in 10% buffered formalin. Each pancreas was then processed for histological examination according to the conventional methods and stained with hematoxylin and eosin. The morphology of any lesion observed was classified and registered in an observerblind manner with respect to the treatment groups.
statistical analysis
Data are expressed as mean ± standard deviation. Statistical analysis was performed using one-way analysis of variance or Student's t-test when applicable. P,0.05 was accepted as statistically significant.
Results
characterization of BBr-slN
Particle size, zeta potential, Dl, and ee
The mean particle size, polydispersity index, and zeta potential were 76.8 nm, 0.402, and 7.87 mV, respectively (the PDI [poly dispersity index] was well below 0.3 indicating a narrow particle size distribution). EE and DL were 58% and 4.2%, respectively.
Particle shape and surface morphology
The nanoparticles showed homogeneous spherical shapes under TEM, and the particle size ranged from 50 to 150 nm (original magnification 1 × 10 5 ) (Figure 2 ).
Powder XrD and NMr measurements
The XRD pattern (Figure 3) showed that the crystal diffraction peak of BBR disappeared completely in BBR-SLNs, indicating that the BBR based amorphous structure is dispersed in the nanoparticles. Partially amorphous nanosuspensions and the polymorphs were conductive to dissolution and absorption of the drug. 
Pharmacokinetic studies lc-Ms-Ms method validation
The retention times of BBR and tetrahydropalmatine were approximately 5.2 minutes and 2.9 minutes, respectively. The selected reactions monitoring chromatograms for control plasma, standard BBR, and IS in plasma after intragastric drug administration are shown in Figure 5 . The calibration curves were linear over the range of 500 ng/mL and the limit of detection was 0.5 ng/mL (signal to noise ratio .10). The correlation coefficient (r 2 ) for plasma was 0.9994. The methodology recoveries were greater than 80% and the intra-day and inter-day relative standard deviations were less than 10% at high, medium, and low concentrations. Plasma samples were stable in the following cases: 1) frozen and thawed three times, 2) stored for 12 hours at 4°C, and 3) stored for 1 month at -20°C. The developed method was used successfully for determining BBR concentration in rat plasma and meets the requirements of biological sample analysis.
Pharmacokinetics
Pharmacokinetic parameters were calculated using DAS 2.0 software, according to the principle of determining the best correlation between the observed and computed concentrations. Whole parameters are shown in Table 1 . The main pharmacokinetic parameters for BBR-SLNs were: AUC 0-t , 113.57 ± 72.93 µg ⋅ h/L; C max , 44.65 ± 4.77 µg/L; t 1/2 , 11.50 ± 10.78 hours; and VRT 0-t , 42.58 ± 21.82 hours. Figure 6 shows the plasma concentration time curves for BBR and BBR-SLNs after a single administration (50 mg/kg) to the rats. When compared with the BBR group, analysis of plasma from the BBR-SLNs group revealed a significant increase in C max (P,0.05), AUC (P,0.05), and VRT 0→t (P,0.05), suggesting that nanoformulations can reduce fluctuations in drug concentrations, promote absorption, and possess a slow release character.
hypoglycemic effect of BBr-slNs effects of BBr-slNs on body weight and food intake
When compared with the control group (vehicle), BBRSLNs 100 mg/kg treatment for 4 weeks suppressed the body weight gain of the mice, whereas animals treated with BBR 100 mg/kg or BBR-SLNs 50 mg/kg displayed no significant difference ( Figure 7A ). Food intake was not significantly different between vehicle and BBR or BBR-SLNs treated 
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Xue et al groups ( Figure 7B) . Consistently, the expression of several hypothalamic neuropeptides known to be involved in regulating food intake was not significantly affected by BBR treatment.
BBr-slNs improved glucose tolerance and insulin sensitivity in db/db mice When compared with vehicle, BBR-SLNs significantly decreased the fasting blood glucose level ( Figure 8A ) and elevated fasting serum insulin level in the db/db mice ( Figure 8B ). The effects of BBR-SLNs at a dosage of 50 mg/kg were comparable with BBR at 100 mg/kg, while BBR-SLNs at 100 mg/kg exerted more potent effects. Decreased HOMO-IR indices were seen in the BBR and BBR-SLNs treated groups but not vehicle treated mice ( Figure 8C ). IPGTT showed that blood glucose levels in BBR treated mice were significantly lower at 30 and 60 minutes when compared to that in vehicle treated mice ( Figure 8D) , and the AUC in BBR-SLNs 100 mg/kg dose group was significantly decreased when compared to the BBR 100 mg/kg dose group ( Figure 8E, P,0.05) . The IPITT results revealed that the blood glucose level was markedly lower in BBR and BBR-SLNs treated mice when compared to vehicle treated mice ( Figure 8F ), suggesting remarkably improved insulin sensitivity. There was a more significant reduction in the AUC of BBR-SLNs 100 mg/kg group than in the BBR 100 mg/kg group ( Figure 8G, P,0.05) . Conclusively, these data revealed that BBR can improve insulin sensitivity in +ESI TIC MRM CIDo*** (** -> ** ) STD-50FF5 d histopathology Pancreas acinar of the BBR group, and BBR-SLNs at 100 mg/kg and 50 mg/kg dosages was of no difference, with intact islet cell structure and no obvious inflammatory response in the surrounding tissue (Figures 9 and 10 ). However, it can be seen that the number of islets in the treatment group was significantly more than the control group. The largest number of islets was in the BBR-SLNs high dosage group. But, there was no discernible difference between the BBR and BBR-SLNs 100 mg/kg groups.
Discussion characterization of slN
More than 90% of the BBR-SLNs particles showed a small particle size (76.8 nm). SLNs were prepared using a solvent evaporation method which results in small particles. Small particle size less than 200 nm is desired for being usually invisible to the reticulo-endothelial system and for circulating over a prolonged period of time in vivo. Moreover, a zeta potential of $±25 mV is recommended for achieving stable dispersions. This is attributed to the existence of repulsive forces between the particles, preventing them from contacting each other and agglomerating. Neutral particles obtained presently can thus be considered intrinsically stable as no interparticulate molecular interactions (both attractive and repulsive) are expected from these particles. In contrast to the neutral and negatively charged particles, the positively charged nanoparticles are taken up more rapidly by the cell membranes. 17 The shape and the surface morphology of our prepared SLNs was studied by TEM. The TEM images confirmed that the particles were spherical in nature. The size and shape has been demonstrated to directly influence the uptake of nanoparticles into cells. 19 The size dependent uptake of nanoparticles is likely related to the so-called membrane wrapping process, which governs how a membrane encloses a particle. It has been demonstrated that optimal endocytosis occurs when there is no ligand shortage on the nanoparticle and no localized receptor shortage on the cell surface. [18] [19] [20] High recovery is a prerequisite for developing a manufacturing process of any formulation as it accounts for losses during the production process. The DL values of above 4.2% confirm suitability of the developed process and its applicability for scaling up. The EEs obtained (close to 59%), to the best of our knowledge, have never been reported before for BBR or similar hydrophilic drugs. Polymorph is also an important factor affecting drug stability, solubility, dispersion, and pharmacodynamic actions. The power of XRD combined with 1 H NMR spectroscopy was employed to analyze the chemical functional groups and the microstructure of BBRSLNs, and proved that the drug was successfully wrapped in a lipid carrier. 21 In addition, BBR-SLNs lyophilized powder was reconstituted after 6 months without changes in average particle size and zeta potential, indicating that the BBR-SLN was stable and can be stored over long periods of time.
Pharmacokinetics
In the pharmacokinetic studies, we first developed the current method of determining BBR concentration in rat plasma using LC-MS-MS. The validation of the bioanalytical method used for extraction of BBR from plasma, its recovery from spiked plasma samples, plasma sample stability, and limit of detection/limit of quantification were determined.
The developed method was more rapid and sensitive for determination of BBR in rat plasma.
After oral administration, nanoparticles can undergo direct gastrointestinal transit or adhere to the mucosa before elimination in feces. However, oral absorption can also occur, and nanoparticles are likely to cross the gastrointestinal barrier to deliver the drug content to the blood, lymph, and target organs. Direct contact and adhesion of nanoparticles to the mucosal surface is a prerequisite for particle degradation. With SLNs, the peak plasma concentration of BBR in rats was elevated, the peak time was delayed, and the AUC was increased, indicating an improved bioavailability of BBR. The pharmacokinetics of several orally administered drugs has been improved by means of nanoparticles, and there is evidence showing that lipid nanodispersions containing drugs maintained increased bioavailability and prolonged plasma levels after administration in animals. [22] [23] [24] Our results are consistent with these reports, suggesting that the changes in pharmacokinetics may be an important mechanism underlying the enhanced efficacy on nanoformulations.
hypoglycemic effect of BBr-slN
In this study we have found that BBR-SLNs increase plasma BBR concentration and bioavailability in pharmacokinetic studies. Here we further investigated the antidiabetic effects of BBR-SLNs in vivo. A dose of BBR at 100 mg/kg, based on the previous clinical and animal studies (0.9-1.5 g/days), has been applied to the db/db mice. 25 In agreement with a previous study, BBR actions were confirmed here in decreasing body weight, fasting blood glucose levels, HOMA-IR, and improving impaired glucose tolerance and insulin tolerance 
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Xue et al in diabetic mice. 26 BBR-SLNs at 100 mg/kg dosage showed more potent effects than the equivalent dose of BBR in db/db mice, especially in improving glucose tolerance and insulin sensitivity. In addition, BBR-SLNs increased the pancreatic islet numbers. Strategies to improve the absorption and efficacy of BBR have been investigated in other studies such as the combination with sodium caprate. 27, 28 The abnormal immune status in db/db mice, which directly leads to the lack of islet function, may be systemically improved by BBR, thus facilitating islet regeneration, while the independent effect of lipid nanoparticles in regulating insulin and other lipoproteins should also be considered. Additionally, the carrier materials, mainly including lecithin and tripalmitin, did not show toxic side effects in the experimental or pathological examination. Further studies investigating the hypoglycemic mechanisms of BBR-SLNs, toxicology, and other pharmacological effects are underway.
Conclusion
Our study on the characterization, pharmacokinetics, and hypoglycemic effect of BBR-SLNs demonstrated that the preparation method of BBR-SLNs is feasible with good quality and stability characteristics. SLNs can entrap BBR, which results in improved bioavailability of BBR in plasma. A SLN delivery system can enhance the antidiabetic action of BBR, and BBR-SLNs offer a promising delivery system to facilitate BBR antidiabetic clinical therapy and other applications. 
